Microalgae are being developed as a source of fuels and/or chemicals. A processing challenge is dewatering the algae. Electrical approaches to dewatering include exploiting electrophoresis or electroflocculation. The reported experiments show that electrophoresis does occur but is complicated by the effects of the fluid motion. It appears that the coupling of the algal cell and the fluid can be sufficiently strong such that fluid motion effects can influence or dominate behavior. Electroflocculation appears to be a robust process. It does, however, inherently leave electrically induced trace metal flocculants in the dewatered algae.
INTRODUCTION
MICROALGAE is an environmentally friendly, renewable energy source [1] . The term "algae" is broad and may be divided into macroalgae, commonly known as seaweed, and microalgae. Depending on their species, their sizes can range from a few micrometers to a few hundred micrometers. The species used in this study are microalgae. Cultivation of microalgae, a rapidly growing single-celled micro-organism, has also been suggested as a way to address the environmental issues of carbon dioxide (CO 2 ) greenhouse gas sequestration, generating renewable fuels, and wastewater remediation [2] [3] [4] . Alternative energy research is generally viewed as important considering the continuing and increasing per-capita global energy consumption, and the reported diminishing fossil fuel reserves [5, 6] . The current popularity of algae as a biomass energy crop may be a result of the ability of algae to grow in water of a wide range of quality including brackish waters, waste water, and salt water. In addition, algal growth concurrently sequesters carbon dioxide.
The high oil content of alga species such as Nannochloropsis sp., with a reported 29% oil, makes algae an attractive biofuel crop [7] . Microalgae cultured as a suspension, grown in optimized bioreactors has been reported at densities as high as 1% (volume/volume basis) [8] , which is 10 to 100 times the natural growth densities.
Because of the high water-to-algae ratio, energy efficient dewatering is a challenge in the commercialization of biofuels from algae. For algae growth to be cost-effective, the algae must be concentrated and the water returned to the growth facility. Microalgae is typically removed from large volumes of water more easily by flocculation and sedimentation than by filtration [9, 10] , but both approaches are under active development.
An obvious approach for consideration, as algae normally carry a negative charge, is electrophoresis. In a water solution, however, both electrophoresis and electroflocculation can occur under the same set of circumstances. The research reported here was stimulated by the simple observation that if a tray of algae in its growth medium was exposed to an electric field by placing metallic electrodes on two sides of the tray and energizing them with a dc voltage, algae concentrations would occur at both electrodes (electrophoresis) and at the bottom of the tray (electroflocculation).
This research focused on assessment of the factors influencing electrophoresis and electroflocculation of algae in its growth medium. These two processes tend to be linked because, if metal electrodes are in contact with the algae and water, both processes can occur.
The microalgae selected for this work was Chlorella sp. Appropriate test cells were designed for these studies, including a flow-through test cell with aluminum electrodes.
ELECTROPHORESIS
Electrophoresis is the field-induced motion of a particle with respect to the fluid. Algae have a net negative charge that helps keep them separated [11] . Growth media is water based and contains required chemicals, predominantly monovalent sodium (Na some of the counterions in electrophoresis. Because the algae are charged, the force resulting from an electric field could, in principle, move the algae toward an anode, thus increasing concentration.
There are obvious complexities [12] to the simple observation that an electric field should result in a force on the algal cell. These include:
 Microalgae experience drag forces, so it is difficult to decouple algal motion from fluid motion.  The medium surrounding the algae cells is predominantly water with uncontrolled concentrations of neutral and ionized material, with the field acting on both the algae and the medium.  Electrode effects include the injection of metal ions into the medium.  Electrohydrodynamic phenomena can be induced and produce complex flow patterns depending on coupling of the charge carriers to the fluid and the influence of the test chamber on fluid motion. From a process engineering perspective, there is another fundamental constraint that must be acknowledged. To minimize processing cost, the dewatering is ideally done in a flow process rather than a batch process. Thus, in the simplest embodiment of concentration by electrophoresis, the algae would be entrained in a fluid flow approximately orthogonal to the field. This introduces another source of flow.
To gain insight into the processes that occur, a high speed camera was used to photograph the movement of the algae as a voltage step was applied to a set of parallel electrodes. The experimental set up is shown in Figure 1 . A light emitting diode (LED, Luxeon Rebel, cool white, 140 lm) was used to illuminate a test cell in which algae samples were introduced by syringe injection. The LED is fan-cooled and has an aperture of about 1 mm. The first lens, near the LED, is a 30 mm focal-length coated Achromat. The camera has a 512 x 512 CMOS detector. The test cell is cylindrical with a 19 mm diameter and a 9.5 mm length along the optical axis. In the test cell, a voltage pulse with a rise time less than a nanosecond and duration of several milliseconds was applied to a suspension of the algae in its growth medium. Figure 1 . Schematic of the optical system from the illuminating laser to the high speed camera. The algae were introduced into the test cell using the syringe. An electric field was generated in the test cell by applying a step voltage to parallel electrodes.
The apparatus illustrated in Figure 1 produced the images shown in Figure 2 . Figure 2 shows two photographs of algae suspended in growth medium inside the test cell. Prior to the electrical pulse, the algae stream is approximately centered between the electrodes and orthogonal to the direction in which the electric field will be applied. The dark objects on either side of each picture are electrodes, with the anode on the right edge of each picture. Following the application of the voltage pulse the algae dispersion and migration toward the positive electrode can be observed. The voltage pulse has a 5 ms width and the average electric field was 1.5 kV/cm. The exposure time for each of the two frames shown is 10 µs.
The photograph at the end of the pulse shows algal movement under conditions where effects from the electrohydrodynamic phenomena and injections from the electrodes are both minimal. In this case, the suspension of algae moves preferentially but not exclusively toward the anode, becoming significantly less dense. This effect is likely due to the fact that the media also contains positive ions that are attracted to the cathode, initiating fluid flow in that direction. Locally, the fluid flow is sufficient to overcome the force imposed by the electric field on the algal cell.
Higher electric fields were used to highlight the effects of injection from the electrodes and electrodynamic effects. This experiment was performed under the same conditions as Figure 2 , with the exception of using a higher voltage (field of 3 kV/cm). The results are seen in Figure 3 . The five frames (10 µs exposure, 200 µs between frames) illustrate the process in sequential order, during application of the electrical pulse. The first frame shows that the algae are initially attracted to both electrodes (likely due to a combination of electrophoresis and hydrodynamic drag effects as seen in Figure 2 ). Subsequently, emission from the cathode causes fluid motion which induces significant optical distortion [13, 14] . As the electrical current flow continues, the anode turbulence becomes more severe. If the observation were continued, the turbulence would fill the entire inter-electrode gap mixing the suspension. Microscopic images of algal movement prior to and following an applied electric field. The large dark structures in each frame are electrodes energized so that the anode is on the right as indicated. The stream of small black dots is the microalgae flowing in its medium between the electrodes. The primary effect of the pulsed electric field is to broaden the algae stream, with preferential broadening toward the anode. This is expected as the algae carry a negative charge.
This phenomenon likely results from the electrical current flow being primarily influenced by ions in the medium and/or fluid motion, and only to a lesser extent by the algal cells. If that is a correct assumption, the resistivity of the slurry is expected to increase with increasing algal density. This hypothesis implies that even though there is a current due to algae transport, I A , there is also a current due to ion flow through the water surrounding the algae, I ion . The hypothesis is simply that I ion >> I A . A separate experiment was performed to assess this hypothesis. In agreement with the previous observation, there is a significant decrease in conductivity with increasing algae density. The results of that test are given in Figure 4 . Particularly with lower density media, the conductivity increases as the voltage increases. Much of the increase can likely be attributed to enhanced fluid motion. The paste was placed in the test cell and allowed to dry further. This resulted in an even lower conductivity. This result is consistent with the hypothesis that the dominant conduction mechanism is via ions in the water. Additional testing would be required to ascertain whether or not there was also a contribution from changes in the algae. An electrical test cell was constructed to validate the microscopic results on a macroscopic level. The test cell is shown in Figure 5 . It consists of a machined polypropylene block with a central channel and fluid inlet and outlet holes. Aluminum electrodes lined the central channel. Provisions were made at the outlet end of the test cell for two liquid streams to exit in a volume ratio of 2:1 to evaluate additional water removal due to cell electrophoresis. A regulated dc power supply was set to the desired voltage and connected to the electrodes.
An algae-water suspension is pumped into the cell through the hole on the right side of the chamber in Figure 5 . The mixture flows between the two electrodes and exits through one of two separated chambers. If the electric field moves the algae preferentially toward either electrode, a corresponding change in the concentration of algae between the two exiting streams would result.
Although some algal localization to the cathode was observed in the high-speed photomicrograph data, such a separation was not observed on the macroscopic scale. The data indicate only a slight separation under direct current (DC, 50 V), consistent with the observations in Figure 2 , but no significant separation in this apparatus. The fluid flow appears to dominate over electric field in the determination of algae motion. Data were taken at various additional frequencies. The higher frequencies were not expected to yield separation as the field direction would reverse before significant displacement of algae could occur. The tests confirm the expectation.
ELECTROFLOCCULATION
Electroflocculation was reported as early as 1903 in the patent literature and has found extensive use in the petroleum industry to break emulsions and remove oils [15, 16, 17] . In traditional flocculation processes, polyvalent metal ions such as iron (Fe replacing the external addition of a salt. Because the sacrificial electrode is consumed, an inexpensive material is recommended [15] .
Microalgae do not naturally flocculate or coagulate due to, at least in part, their net negative charge. Algal growth medial also typically contains only trace quantities of the divalent and polyvalent cations required. The accepted mechanism by which flocculation occurs is that electrochemical reactions at the electrodes create positive, polyvalent ions [15] . These positive ions attract the negatively charged algal cells. The algal cells and polyvalent ions create a growing network of a charged neutral system. The networks can extend to other neutral systems and continue to grow into larger assemblies of flocculated algae.
Faraday's law of electrolysis says that the mass of metallic ions emitted by the anode is proportional to the charge transported through the circuit. In these tests, the algae-water mixture flowed between the electrodes while a constant current was applied perpendicular to the flow. Since each element of the liquid was exposed for the same amount of time, the current is expected to be approximately proportional to the charge.
TEST SETUP
The electroflocculation tests were conducted in the same test cell that was used for the electrophoresis testing, Figure 5 . The test cell was, however, modified as indicated in Figure 6 . Specifically, the two exit ports were connected together so that all of the mixture that was exposed to the electric field was collected in a single flask. The concentration of algae in the efluent was determined by an optical measurement. The optical effect was not subtle, i.e., settling was visually obvious with, but not without, exposure to the current and electric field. The optical measurement was used to provide quantitative information of the rate of settling. As the algae flocked and settled to the bottom of the vial, the algal solution became less dense. Density readings were taken periodically over a 60-minute period. Data are reported as the rate of algae clearance from the incubating solution. Unflocculated algae in water was passed through the exposure cell. A spectrophotometer was used to determine the degree of clearance by the algae. 100% clearance is interpreted as the same transmissivity as medium with no algae.
In these tests, aliquots of algae grown in indoor bioreactors were pumped at a rate of 2 ml/s between aluminum electrodes at currents of 0.5-2.0 A. The algae was pumped once through the cell. After exposure, the collected algae was held in a second flask and the flocculated algae was allowed to settle under the force of gravity. The control data was taken with zero current. The rate of algal clearance in a flask of exposed material was then measured to determine the clearance rate. The data presented are the averages of at least six samples and the error bars represent one standard deviation of the sample mean. Statistical analysis was performed by one way ANOVA. Figure 7 shows the settling of the algae as a function of time after exposure.
This analysis showed that dewatering effectiveness increased with increasing current over the range tested. Specifically, 1.0 A -2.0 A caused a significant (p<0.01) increase in algae (Chlorella sp.) clearance within one minute of electroflocculation, and highly significant clearance (p<0.001,) at five minutes, compared to non-flocculated controls. At these currents, >95% of the pure Chlorella culture was dewatered in 10 minutes.
In practical situations, however, it has typically been very expensive to maintain a monoculture. So, the process was also evaluated with a mixture of cynobacteria and Chlorella. Cyanobacteria is a common species that grows in combination with microalgae in many areas of the world.
With a mixture of cynobacteria and Chlorella, the clearance (settling) rate at a given current was slower, with less settling, and more current was required to maximize settling. Microscopic observation revealed that the cyanobacteria were fragmented following electrophoresis, and thus more likely to remain in solution.
Dewatering of the mixed cynobacteria and Chlorella cultures reached a maximum of 75% at a current of 2.0 A. Currents of 1.0 A, 1.5 A, and 2.0 A improved dewatering of mixed cultures significantly (p<0.05, p<0.01, and p<0.001, respectively). By comparison, for Chlorella monocultures, 1.0 A was sufficient to clear algae; 80% and 100% within five and 20 minutes, respectively. While this process appeared to separate the Chlorella from the cyanobacteria, no quantitative measurements were performed to determine separation efficiency. For the algae mixture, increasing the current also demonstrated increasing dewatering effectiveness. Under these test conditions, 1.5 A and 2.0 A were most efficient, effectively dewatering the algae (by 67% and 77% respectively at 2 h). Most of the dewatering occurred within the first five minutes. Lower currents were less effective (0.5 A and 1.0 A gave 22% and 50% algae clearance, respectively at 2 h); additional time did not significantly improve dewatering at lower applied current.
To determine flow rate effects, similar data were taken at a current of 1 A at flow rates of 1-5 ml/minute. Experiments were performed, with algae at densities of 0.2 g/L and 0.6 g/L. The algal density was measured by two methods: 1) dry weight of the biomass, and 2) cell counts based on measurements using a hemocytometer. Hemocytometer calculations were based on counts of 10 random fields. Figure 8 illustrates density making an observable difference.
This difference is presumably due to the fact that the flocked algal cells have a greater likelihood of continuing to flocculate into larger ionic networks at the higher density. It is also interesting to note that the algae were 50% dewatered by one minute at 5 ml/s for lower density (0.2g/L) Chlorella sp. cultures, but that the higher density culture was slower to clear. 
CONCLUSIONS
Algae in its growth medium constitutes a complex fluid. Little is known about the electromechanical properties of the fluid. While both electrophoresis and electroflocculation occur, these are not likely to be simple independent phenomena in commercial systems. Even microalgae are sufficiently large that electrohydrodynamics can dominate over simple electrostatic considerations. Thus, the application of an electric field does not yield a simple unidirectional flow of negatively charged algae to the anode. Because of the complex response, it is quite challenging to design an effective dewatering approach based solely on electrophoresis.
In addition to electrophoresis, electroflocculation occurs when the electrodes are in contact with the fluid. While electroflocculation appears to be effective as a dewatering approach, by its nature, it leaves residual metals in the concentrated algae. Since this trace metal can reduce the value of the products produced, dewatering methods that do not leave trace metals would generally be preferred.
Thus, both processes occur in systems containing microalgae in their growth medium. Both appear to require further development if they are ever to be viable candidates for cost effective dewatering of microalgae at a commercial scale.
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APPENDIX
Organism and growth conditions. The microalgae Chlorella sp., (Strain KAS01110803) were obtained from Kuehnle AgroSystems, Inc., (Honolulu, Hawaii, USA). The algae suspension cultures were grown in six-liter Erlenmeyer flasks with continuous aeration at an airflow rate of 250 ml min -1 . The flasks were arranged on a rack illuminated with daylight fluorescent lamps at a light intensity of 120 µmol photons m -2 s -1 . The cultures were maintained with a circadian light: dark cycle of 12:12 h at 25 °C. The microalgae Chlorella sp. were grown as non-axenic cultures on F2 media [18] , modified by replacing the sodium nitrate (nitrogen source) with urea (equimolar on a nitrogen basis).
Chlorophyll a (Chl a) Spectrophotometric Measurement. The Chl a spectrophotometric measurements were performed at the chlorophyll Soret band (430nm), using a Bausch & Lomb Spec20 spectrophotometer (10 nm bandwidth) [19] . Measuring the Chl a absorbance at 430 nm in the Soret band, as compared to the Q-band (630-700 nm), results in a calculated 3.4-fold sensitivity improvement and is also thought to eliminate the interference from accessory pigments, observed at wavelengths above 460 nm, specifically in the Q-band [20] .
